Simulation of the Rat Intestinal Ecosystem using a Two-stage
To investigate the ecological mechanisms governing the community structure of the gut microbial ecosystem, we have attempted to simulate the rat gut ecosystem in vitro using a two-stage continuous culture. Extensive sampling of the rat hindgut has established a set of criteria with which the in vitro system may be compared. This paper discusses one of the criteria, the community composition and structure in vivo and in vitro. The experiments indicated that a gut microbial ecosystem could be satisfactorily mimicked in vitro. This was achieved using a two-stage continuous culture employing differential selection of species between the two stages on the basis of pH differences combined with cell recycling between stages.
I N T R O D U C T I O N
The indigenous microflora of the mammalian alimentary canal is part of a complex ecosystem influenced by biotic and abiotic factors. Gastrointestinal ecosystems are complex with a high degree of interaction among the different components, resulting in a sustained capacity for self-regulation and homeostasis (Dubos et al., 1965; Savage, 1977; Fretner, 1974) .
The gut microflora significantly influences the anatomical, physiological and immunological characteristics of the animal (Gorden & Pesti, 1972; Berg, 1978) . It is important, therefore, to understand the ecological mechanisms governing the interactions between the bacteria and the host and amongst the bacteria themselves. Although the relationships between a few gut microbes have been studied in continuous culture (Fretner & Aranki, 1973) or by specifically colonizing germ-free rodents (Berg, 1978) , the interspecific mechanisms observed in such simple systems may not be relevant in the more complicated environment of the normal gut (Fretner, 1974) . This is particularly true if the intensity of interaction between species is dependent upon the existing community structure (Neill, 1974) .
In order to study the mechanisms maintaining the structure of the gut ecosystem it is necessary to manipulate various components of the environment independently and observe the effects of such perturbations on the community composition. Many technical difficulties hinder such investigations in vivo and the lack of environmental constancy and control obscures interpretation of community perturbation experiments.
Although continuous culture systems have been used extensively to model the rumen ecosystem, this technique has been largely neglected in the cultivation of other mammalian gut microfloras (Zubreycki & Spaulding, 1954 ; Fretner fL. Aranki, 1973) . This paper describes attempts to simulate the rat hindgut ecosystem by means of a continuous-flow culture system which may be considered roughly analogous to the natural system. To simplify the environment of the in vitro system, initial consideration was given only to the effects of pH and the hydraulic regime on the microflora at a fixed temperature, medium 0022-1287/8 1/0000-9399 $02.00 0 198 1 SGM
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composition, agitation rate and anaerobic gas composition. Maintenance of the gut ecosystem over an extended period in an environmentally defined growth system could facilitate a study of the interactions between gut micro-organisms, provided the model ecosystem behaved in a similar fashion to the gut. In order to ascertain the similarity between the in vitro and in vivo ecosystems, the following criteria are likely to be important: species diversity; numerical abundance of micro-organisms; metabolic activity of the microflora; ability to metabolize xenobiotic compounds; the response of the microflora to biotic and abiotic perturbations of the environment. This paper reports comparisons between the in vivo and in vitro ecosystems on the basis of the relative proportions of the main bacterial groups and their species composition at steady-state conditions.
M E T H O D S
Rats. For the in viuo study, two strains of male rats (Wistar and Sprague Dawley) weighing approximately 150 to 200 g each were obtained from Charles River (Margate, Kent). They were also sources of inocula for the continuous cultures.
Culture system and conditions. The medium used in the continuous culture experiments contained, per litre distilled water, 1.5 g yeast extract (Oxoid), 5 g Lab-Lemco powder (Oxoid), 5 g peptone (Oxoid), 0.5 g soluble starch. 2.5 g o-glucose, 0.5 g cysteine.HC1. 1.5 g sodium acetate, 2.5 g NaCI, 4 ml 0.025% (w/v) resazurin solution, 10 ml haemin-vitamin K solution (Holdeman & Moore, 1975) and 20 ml salts solution [containing, per litre distilled water, 0.2 g CaCl, (anhydrous), 0.2 g MgS0,.7H20, 1.0 g K,HPO,, 10.0 g NaHCO, and 2.0 g NaCl I. The medium was reduced prior to use by the methods of Holdeman & Moore ( 1975) .
The continuous culture systems were modular type series 500 fermenters (L. H. Engineering, Stoke Poges, Slough. Bucks.) with a culture volume of 600 ml. The cultures were agitated at 500 rev. min-', the temperature was controlled at 37 "C and the pH was controlled as described. To maintain anaerobic conditions the cultures were continuously flushed at a rate of 0.5 I min-* with a humidified mixture of 3 % (v/v) H,, 10% (v/v) CO, and 87% (v/v) N, passed through a catalytic deoxygenator (Deoxo; Engelhard Ltd, Cinderford, Glos.). The medium reservoir was held under the anaerobic gas mixture and agitated to ensure a homogenous distribution of the components. Black butyl rubber tubing was used throughout the system. The medium was pumped continuously by MHRE 7 flow inducers (Watson Marlow, Falmouth, Cornwall) . Two-stage cultures were connected in simple series with sterile medium being added to the first stage. Where indicated, cultures were operated with cell recycling, accomplished by transferring part of the culture volume of the second stage to the first with a MHRE 7 flow inducer, using 1 mm narrow-bore black butyl rubber tubing.
Rat faecal pellets were collected as they passed from the anus and placed immediately in pre-reduced Reinforced Clostridial Medium (RCM, Oxoid) under a stream of 0,-free N,. The pellets were homogenized and allowed to settle for 5 min; the supernatant was used either for in uivo sampling or as the culture inoculum. The cultures were grown under batch conditions for 12 h before starting the flow of fresh medium.
Bacteriological methods. The organisms were grouped using the selective media outlined in Table 1 . Petri dishes were inoculated using the procedure of Barnes et al. (1978) . Serial 10-fold dilutions were made in pre-reduced RCM broth under 0,-free N, in sealed bottles and 0.1 ml of the appropriate dilution (Table l), chosen to give 50 to 150 colonies per plate, was spread on the agar surface on the open bench. The colony counts were determined in triplicate for each dilution. For anaerobic incubation, the Petri dishes were placed in anaerobic jars (Baird & Tatlock, Romford, Essex) immediately after inoculation and flushed with 0,-free N,. The anaerobic conditions were maintained with the GasPak system (Becton Dickinson, Wembley, Middx) at 37 "C. The efficiency of anaerobe recovery by open bench inoculation was determined by comparing with direct microscopic counts, using a Neubauer counting chamber and a phase contrast microscope. and with the viable count of anaerobes on RCMblood agar. using strict anaerobic techniques (roll tubes) (Hungate. 1969 ) with the V.P.I. Anaerobic Culture System (Bellco. Vineland, U.S.A.). The recovery of enterobacteria and streptococci on the selective media (MacConkey and Azide Blood Agars. respectively) was estimated by comparison with their recovery on nonselective, aerobically incubated RCM-blood agar.
Wall growth was observed in the second-stage vessel of the two-stage systems. To determine its species composition, the growth was removed using a sterile N,-filled Pasteur pipette, washed four times in reduced RCM broth, homogenized and then plated on selective media as described above.
The species were identified by colony morphology, Gram's stain and by the API system for micro-organism identification (API Laboratory Products, Farnborough, Hants.). The API system provides a rapid and reliable means of routine species identification using standardized sets of biochemical tests (Dolezil & Kirsop, 1977 
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Recovery of micro-organisms
and continuous culture viable counts (k standard error of the mean) on pre-reduced RCM-blood agar plates inoculated on the open bench were 76.7 k 3 -1 YO and 8 1.5 _+ 5 -1 %, respectively, of the viable counts on the same agar determined by the use of strictly anaerobic procedures (roll tubes). All species and colonial types isolated in the roll tubes were observed on the pre-reduced RCM-blood agar plates. The relative proportions of the most common species (95 to 98% of the total isolated community) found on the pre-reduced plates were not significantly different, as judged by the chi-square test of Freund (1971) , from those observed in roll tubes (P > 0.10 for faecal and continuous culture samples).
The total viable counts (determined from the number of colonies on plates of RCM-blood agar incubated aerobically and anaerobically) for faecal and continuous culture samples were 95.2 f 2.1% and 93.1 f 3-9%, respectively, of the direct microscopic count for these samples.
Thus, the use of strict anaerobic techniques such as the roll tube method was not necessary for a valid comparison of the faecal and continuous culture anaerobic communities.
The number of enterobacteria and streptococci recovered on selective media (MacConkey and Azide Blood Agars, respectively) was not significantly different from the number observed on the non-selective, aerobically incubated RCM-blood agar (t-test, P > 0.10) (Sokal & Rohlf, 1969) . The proportions of the various species contained in these two groups were not significantly different between the selective and non-selective media (chi-square test, It was not possible to determine the efficiency of recovery of the staphylococci and lactobacilli. The staphylococci were present in low numbers and never identified at the dilution used for the total aerobic count. The recovery of lactobacilli on pre-reduced RCM-blood agar (anaerobic incubation) was always less than that observed on Rogosa SL Agar. However, the numbers observed in the faeces were similar to those reported in other studies (Drasar et al., 1969) . The rat hindgut ecosystem The species composition and community structure was determined for the faeces of five Wistar and two Sprague Dawley rats sampled at least five times a week over 7 months. In poth strains of rats the anaerobes, lactobacilli and streptococci formed the major populations. The enterobacteria and staphylococci were minor members of the community ( Table 2 ). The proportion of the total community and the numerical abundance for each bacterial group was not significantly different between rats of the same strain but was significantly different between strains ( Table 2 ). The density of the bacterial groups was to some extent dependent on the individual within a strain, as indicated by the Student-Newman-Keuls test (Sokal & Rohlf, 1969) .
The most common species found in the faeces of Wistar and Sprague Dawley rats are shown in Table 3 . The species composition flora was qualitatively similar between strains with the notable exception of Bacteroides fragilis subsp. thetaiotaomicron which was only found in the Sprague Dawley rats. The community structure, in terms of the ranking of species on the basis of their numerical abundance among individuals of the same strain, was not significantly different as determined by the Kendall coefficient of concordance, W (Siege], 1956). W measures the degree of association between several ranked sets of species ( Table 4) . The rank of a species in the community structure was determined according to its daily mean abundance (daily rank) and overall mean abundance (overall rank) over a period of 7 months. The structure determined by these two methods was the same. It should be noted that using the overall mean species abundance to rank position in the community structure is valid if the frequency-abundance distribution of the species is not highly skewed (Lewis, 1977) . The skewness of individual species of a given bacterial group (Table 4 ; calculated by method of Sokal & Rohlf, 1969) was always less than that for the group itself. This is because the group frequency-abundance distribution is a function of the contributions of all species composing the group. For example, in the anaerobes (Wistar rats), Bacteroides fragilis subsp. vulgatus exhibited the greatest species skew (0.36). The community structure was different between rat strains for the anaerobes, lactobacilli and streptococci (Table 4) although the species composition of the communities was similar (Table 3) . 
Growth of rat faecal microflora in continuous culture Single-stage continuous culture
For these experiments, the cultures were operated at low dilution rates (0.04 to 0.18 h-l) in order to approximate the flow regime of the gut (Gibbons & Kapsimalis, 1967) . The pH of the cultures was chosen on the basis of in vivo measurements which for male Wistar rats were found to be: stomach, 4.1; proximal ileum, 6.7; distal ileum, 7 -1; caecum, 6.7; hindgut, 7.1 (I. Rowland, unpublished observations). As this study was concerned with the hindgut flora, the initial cultures were operated at a pH 7.1. However, the failure of these cultures to resemble the in uiuo flora led to the use of three other pH regimes -6-0, 5 . 5 and 5.1. These experiments are summarized in Table 5 for a Wistar inoculum. The majority of experiments were carried out using Wistar rats as the source of inocula and, unless otherwise stated, the in uitro results pertain to this strain. The proportions of the main groups of bacteria at the steady state (defined below) were dependent on both the dilution rate and culture pH ( Table 5 ). The persistence of a group in a culture was independent of the dilution rate over the range investigated. The maintenance of the lactobacilli and enterobacteria was dependent on the pH value of the culture. At pH 5.1, the enterobacteria, staphylococci and the majority of the anaerobes were lost from the systems. At pH 6 . 0 and 7.1, the enterobacteria (mainly Proteus sp.), anaerobes and streptococci dominated the cultures, while the lactobacilli and staphylococci washed out. At pH 5 . 5 , the staphylococci were lost, but all the other groups were maintained in proportions which depended on the dilution rate ( Table 5 ). The community structure was not comparable with that observed in uiuo, an observation exemplified by the lactobacilli (compare Tables 3 and 6). A similar situation was observed for all the bacterial groups.
In all cultures, the numerical abundance of the populations fluctuated with time, despite maintaining constant environmental conditions: all populations exhibited statistically random changes (run-test; Siegel, 1956 ), which were greater in magnitude than the error due to sampling. Steady-state cultures were defined as those in which the populations showed no significant overall increase or decrease in their abundance for at least 15 cell generations. This was determined by regression analysis (Sokal & Rohlf, 1969) , the criteria being that the slope of the regression of abundance with time was not significantly different from zero. The numerical density of a population at the steady state was taken as the mean of the observations over this time. The frequency-abundance distribution of the bacterial groups was tested for skewness (Sokal & Rohlf, 1969) and no skew was observed. The relative proportions of the bacterial groups were determined at the steady state.
The results of the single-stage cultures indicated that such systems could not simulate the community structure of the gut. Thus, in order to provide favourable environmental conditions for all groups (e.g. low pH for the lactobacilli and more neutral pH for the anaerobes and enterobacteria) an in uitro system with differential culture conditions was required. For the A conditions, the pH of both stages (I and 11) was set at 7.1. Under B conditions, the pH of stage I was fixed at 5 . 1 and that of stage I1 at 7.1. For both pH systems, a constant dilution rate of 0.11 h-' through both stages was used.
The first stages in the A and B systems were equivalent to the corresponding single-stage cultures and so the steady-state bacterial group proportions were similar ( Table 7) . The bacterial group composition in the second stage of system A was not qualitatively different from the first stage, as indicated by the W statistic which was not significantly different between the stages for the anaerobes, enterobacteria or streptococci (Table 7) . However, the microbial community of stage I1 of the system B differed both qualitatively and quantitatively from stage I (Table 6 ). For all bacterial groups, the W statistic was significantly different between the two stages. The community structure of both stages was not similar to that found in the faeces. Although the species found in the in vitro cultures were observed in faecal samples, the overall diversity of species was much less in vitro (discussed below). Another characteristic of these cultures was the formation in stage I1 of significant wall growth, composed mainly of lactobacilli and some anaerobes. Wall growth was found in all cultures but not to the extent observed in stage I1 of system B cultures.
Two-stage continuous cultures with cell recycling
Observations of the changes in species composition with time in the B system cultures (stage I, pH 5.1; stage 11, pH 7.1) without cell recycling indicated that a defined succession of species occurred (B. G. Veilleux & I. Rowland, unpublished results). Although a large number of species were observed after batch growth, this number declined until the final steady state was reached. It was found that by inoculating a small amount of faeces (0.05 ml faecal suspension) to stage I after the steady state was reached (150 to 250 h) some of the lactobacilli species initially lost during the successional development to the steady state, grew and persisted in this stage. It appeared that the biotic and abiotic environment in the culture changed sufficiently with time to encourage the growth of some species which found the earlier conditions in the culture unsuitable. In the rat, re-introduction of species to the ecosystem continually occurs due to coprophagy. To simulate this condition, system B cultures were operated with cell recycling. In these systems, culture medium from stage I1 was recycled to stage I at one-tenth of the rate of flow of sterile medium. The results of these experiments are summarized in Tables 6 and 8 . Only in those cultures with different pH values in the two stages (D and E systems) did the proportions of the bacterial groups resemble those in the faecal samples (compare Tables 2 and 8 ). On the basis of bacterial group proportions, stage I of the E systems resembled the rat faecal samples most closely. Stage I1 of these systems, however, showed a species composition similar to that found in the faeces (Table 9 ). The staphylococci were lost from these cultures.
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Staphylococci
Simulation of the rat intestinal ecosystem 1 1 1 Not detectedafter about 150 to 250 h for stage I and 100 to 200 h for stage 11, a defined succession of species within the groups occurred up to 400 h. After this time, the structure of the bacterial groups remained approximately constant showing no significant changes in species composition. In one system, the community structure of all bacterial groups remained unchanged from 408 to 1272 h when the experiment was ended. The structure of the in vitro communities was dependent upon the dilution rate. These results are summarized in Table 10 . The structure of the in vitro community was most similar to the faecal structure when the dilution rate through the cultures was low (0-04 to 0-13 h-l).
Source of inoculum and the final community structure in vitro with cell recycling
The final community established in vitro depended on the source of the inoculum. The community structure for the E system reflected the bacterial group proportions (compare Tables 1 1 and 2) and the species composition (compare Tables 9 and 3) of the rat strain from which the inoculum was taken. For example, cultures inoculated with faeces from a Sprague Dawley rat reflected the relatively low numbers of lactobacilli and streptococci with respect to the anaerobe density observed in faecal samples (Table 2) . Again, the higher proportions of lactobacilli and streptococci in the faeces of Wistar rats were reflected in the in vitro cultures derived from such inocula. The effect can also be illustrated by comparing the abundance of the clostridia and veillonellae between the two rat strains and their steady-state densities in vitro. These two anaerobe groups were not studied extensively. They served as an additional test case for the comparison of the in vitro and in vivo systems. In the faecal samples, the mean abundances of the clostridia and veillonellae were: Wistar rats -lo3 to lo4 clostridia g-', 10' to clostridia g-l, lo3 veillonellae g-'; Sprague Dawley rats -lo5 to veillonellae g-l. The differences in these organisms between rat strains are significant at the 0.001 level (Student's t-test). The steady-state densities of these organisms in vitro (system E, stage 11, D = 0.07 h-l) were: Wistar inoculum -lo2'' clostridia ml-l, veillonellae ml-l;
Sprague Dawley inoculum -lo5 clostridia m1-l' lo2 veillonellae ml-l. The differences are significant at the 0.001 level and reflect the composition of the original inoculum. In addition, in cultures using inoculum from a Sprague Dawley rat, staphylococci (S. aureus) were occasionally detected during the steady state, at low numbers (less than 5 cells ml-l).
Effect of culture complexity on species diversity
The species diversity within the lactobacilli, anaerobes and streptococci communities of faecal samples and different culture regimes was calculated using the method of Pielou (1975) and is shown in Table 12 . Because of the inability of the sampling method to detect very rare species (at density yielding less than one colony on the three sample plates at a given dilution) the diversity values are less than the true diversity. The index used here does take this partially into account and is based on the cumulative total of all observations (Pielou, 1975) . The values in Table 12 serve only as a rough indication of the actual species diversity of the ecosystems. Diversity depends on both the number of species and the evenness with which The faecal samples and inoculum for the in vitro cultures were from a Wistar rat. n is the number of observations, X , and X, are the mean cell density (log,,) per g faeces or per ml culture medium, respectively, S is the logarithmic deviation, and CF is the coefficient of fluctuation. individuals are distributed among them, and because of this a measure of evenness is also required (Pielou, 1975) . In faecal samples from a Wistar rat the diversity of the anaerobes and lactobacilli was high relative to that of the streptococci ( Table 12 ). The low diversity of the streptococci was not only due to the low number of species (Table 3) but also a result of the overwhelming dominance of S. salivarius indicated by the low evenness value in Table 12 .
In vivo In vitro
Increasing the complexity of the environment in vitro resulted in increasing diversity and evenness among the lactobacilli (Table 12 , also see Table 6 for an example) and anaerobes. For the streptococci, the value of these parameters decreased, as a result of the increasing dominance of S. salivarius. In the two-stage cultures, the second stage was always more diverse than the first, presumably because of the less extreme pH conditions and complex wall growth.
Variation of the microflora in faecal samples and in vitro
In both the faecal samples and in vitro ecosystems no periodicity was observed in the fluctuations of the various bacterial groups on a time scale of days (as calculated by the methods in Kendall & Stuart, 1976) . Changes in the community structure of the natural and
artificial ecosystems were statistically random (Siegel, 1956; Sokal & Rohlf, 1969) . The daily fluctuations both in vivo and in vitro were significant and greater than the sampling error as mentioned above. No true steady state with a completely stable community structure was observed in vivo or in vitro, indicating the dynamic nature of the system. The hindgut ecosystem was observed to fluctuate to a greater extent than the in vitro cultures as measured by the coefficient of fluctuation (Whittaker, 1970;  Table 13 ).
D I S C U S S I O N
The continuous culture experiments have indicated that it is possible to establish a roughly analogous hindgut flora in vitro on the basis of community composition and structure. Furthermore, the microbial ecosystem that develops in vitro is reminiscent of the original inoculum reflecting the differences in the community composition and structure of the floras of Wistar and Sprague Dawley rats.
Our finding that the development of a multi-species gut flora in vitro required at least a two-stage system may reflect the heterogeneous nature of the selective environment of the gut and its particular hydraulic characteristics. The establishment of a mixed species ecosystem in vitro is a result of the complex nature of the medium, spatial heterogeneity of the environment due to wall growth and the use of cell recycling between the stages. Cell recycling between stages was an essential factor for simulation of a natural gut flora. Recycling served to continuously inoculate the system from the second stage which maintained a high species diversity because of its more favourable pH environment for most bacterial groups (with the exception of some lactobacilli). In addition, the spatial complexity in stage I1 due to the growth of bacteria on the vessel wall may also contribute to the persistence of rare species in the system by physically retaining them in the culture.
The importance of recycling is exemplified by the differences in the species diversity of lactobacilli in the two-stage cultures with and without recycling. In both systems, the composition of the lactobacilli community shortly after the initiation of continuous flow (48 h) was similar and composed of primarily L. acidophilus with a minor population of L. lactis. As the cultures developed, this community did not change in the systems without cell recycling (Table 6 ). However, in the cultures operated with cell recycling, the community developed to the final and more diverse steady-state populations shown in Table 6 . Recycling and the pH regime of stage 11, in association with a complex wall growth, maintains the species composition of the faecal inoculum within the culture system until environmental conditions are altered (because of biotic interactions) to a form more suitable for the growth and establishment of a diverse flora. Recycling may also stabilize competitive interactions between species (Weissman & Benemann, 1979) .
It has been shown by a number of workers (Fretner, 1974; Megee et al., 1972) that the ecological mechanisms operating between microbial species are strongly influenced by the environment in which the interaction takes place. The environment in the continuous culture is clearly quite different from that found in the gut. Fretner (1974) has shown that through changes of the environment, one ecological mechanism may replace another without resulting in a dramatic shift in the overall composition of the flora. It is important, therefore, to determine whether the mechanisms maintaining the steady-state community structure in vitro are those most relevant in the natural ecosystem. To this end, we are now comparing the transient response of the in vivo and in vitro ecosystems to environmental perturbations and the similarity of their overall metabolic activity and ability to metabolize various xenobiotics.
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